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Nanopores puncture lipid bilayers via nanoscale holes to facilitate defined transport of molecular cargo. Nanopores are essential in biology and play an important role in shuttling biomolecules between membrane compartments and cells. [1] [2] [3] [4] [5] [6] [7] Outside biology, nanopores have achieved a break-through in portable DNA sequencing 8, 9 and additionally found widespread use as tools to detect and characterize individual molecules or nanoparticles. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] The underlying sensing principle relies on the passage of individual objects through an electrolyte-filled pore that leads to transient detectable changes in electrical read-out. To function efficiently, a pore should allow passage of one molecule at a time. In order to help expand the nanopore sensing field, customizable pores require tunable pore dimensions and pore chemistries, along with detailed structural and chemical characterization.
Nanopores assembled from folded DNA are the most recent class of the membrane-spanning nanodevices. [21] [22] [23] [24] Their key advantage is the ease with which they can be rationally designed and generated. [25] [26] [27] [28] [29] [30] [31] Unlike proteins or peptides, DNA is a building block with highly predictable folding properties. [32] [33] [34] [35] [36] Consequently, the construction of DNA pores is simpler and can harness the power of DNA nanotechnology. 25 For example, dedicated design software automatically provides the sequence of component oligonucleotides for a user-defined target DNA nanostructure with chosen geometry and dimensions. 37 It is also possible to engineer tunable nanoscale movement, something which would be much harder to do in protein engineering. 38 To achieve membrane anchorage, the negatively charged DNA nanostructures are modified with hydrophobic tags, as demonstrated by single-channel current recording or fluorophore transport measurements. 22, 23, 26, 30 DNA nanopores do not, however, efficiently insert into bilayers typically used for electrical recordings. While the low insertion frequency is understandable in light of the DNA nanostructures' highly negative charged nature, it is nevertheless a problem in experiments 4 that can lead to lower through-put and statistically less supported data sets. Furthermore, little is known about the insertion mechanism of DNA pores, while several protein pores can insert via a two-step mechanism involving a membrane-bound pre-pore and lies with an extramembrane capregion on the bilayer which then undergoes a conformational change so that proteins loops puncture the lipid bilayer. 39 Understanding the interaction of DNA nanopores with lipid bilayers is of scientific and technological interest. In practical terms, a greater understanding can help increase the efficiency of DNA pore insertion and the through-put of investigations. At a more fundamental level, an indepth study can answer several key questions about nanopore-bilayer interactions. Previous studies on DNA nanopores have primarily focused on their structure and dynamics, yet the interaction with bilayer has, so far, primarily explored with powerful computational methods 31, 43 which are nevertheless limited by their time constraints and exclude mechanistic questions.
In this report, we answer the key questions about bilayer interaction for an archetypical DNA nanopore. The pore is composed of six hexagonally arranged duplexes that are assembled from six single stranded DNA oligonucleotides. 38 Based on the design, the duplexes are interconnected at their termini with hairpin junctions (Figure 1A, SI Tables S1 and S2 , and Figure S1 and S2). The barrel-shaped pore measures 9 x 5 x 5 nm in height, depth and width, 5 respectively, with an inner channel diameter of around 2 nm. Up to three of the DNA duplexes carry cholesterol membrane anchors for bilayer insertion. The anchors are positioned around the central perimeter of the DNA barrel and are covalently attached at the 3' end of the DNA strands ( Figure 1A and Figure S1 ). The pore with no, one, two, and three cholesterol tags are termed NP-0C, NP-1C, NP-2C, and NP-3C ( Figure 1A ). While NP-3C can span the membrane, 38 the anchoring of NP-2C and NP-1C is unknown; NP-0C serves as a negative control ( Figure 1A ). To answer the questions regarding DNA nanopore-bilayer interactions, we developed a probebased approach. Our strategy determines the orientation and topography of DNA nanopores at bilayers with a nuclease probe in combination with fluorescence read-out ( Figure 1B ). The probe can distinguish between nanopores in a membrane-adhering and hence nuclease-accessible orientation, as opposed to nanopores that are bilayer-inserted and sterically protected from DNA digestion ( Figure 1A and 1B). The nuclease probe used in the assay is exonuclease BAL-31 that digests preferentially dsDNA at nicks in the phosphodiester backbone ( Figure 1A and 1B, black lines). [44] [45] Since the nicks of the nanobarrels' duplex are located close to the lipid anchors, and therefore situated in the membrane-spanning region, BAL-31 is expected to distinguish between a membrane-spanning state, where the nicks are shielded by the surrounding lipid bilayer and protected from nuclease digestion, and a membrane-adhering tethered state, where the nicks are more readily exposed to the enzyme. To probe the influence of membrane curvature on nanopore insertion, the nuclease probe assay was carried out with small unilamellar vesicles (SUVs)
composed of diphytanoyl-sn-glycero-3-phosphocholine with a high positive curvature of 20 µm -1 and giant unilamellar vesicles (GUVs) with a 100-fold lower curvature with the same lipid composition ( Figure 1C ).
RESULTS/DISCUSSION
DNA nanopores with up to three cholesterol anchors are formed efficiently. The nanostructures were generated by annealing the six component single stranded oligonucleotides (sequences in Table S1 and S2, Figure S1 ). 38 Analysis of the assembly mixture by gel electrophoresis showed the nanostructures were successfully folded ( Figure S3 ) since nanopores without and with one cholesterol anchor (NP-0C, NP-1C, respectively) migrated as defined single bands ( Figure S3 ). Due to strong cholesterol-gel matrix interactions, NP-3C with 3 hydrophobic lipid anchors did not migrate out of the loading pocket and into the gel ( Figure   S3 ). 22 Addition of a mild detergent is known to suppress the gel matrix interactions. 38 Additional gel analysis established that DNA nanopores are stable towards DNAase I enzyme at physiological concentrations ( Figure S4 ). This is important for potential applications of DNA nanopores in cell biology and biomedicine including bodily fluids.
The nuclease probe assay translates digestion of DNA nanopores into a clear fluorescence signal. We determined the conditions under which the nuclease probe digest DNA nanopores efficiently. The experiments were first carried out in the absence of membranes. BAL-31 exonuclease (9.6 U) was added to solubilized NP-0C, NP-1C and NP-3C, and the digestion extent was monitored using UV absorption spectroscopy. Addition of the enzyme caused an increase of the DNA's absorbance band at 260 nm, indicating fragmentation of the six-duplex pore ( Figure 2A , Figure S5 ). The digestion profiles for NP-0C, NP-1C and NP-3C were similar, implying that the enzyme's activity was not significantly altered by the presence of the cholesterol lipid anchors (Figure 2A , Figure S5 ). Structural digestion of the nanobarrels was confirmed by UV melting profile analysis, with and without the addition BAL-31 ( Figure S5 ).
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Fast digestion of the DNA pore NP-0C was also shown by agarose gel electrophoresis and subsequent quantification of the gel band intensities ( Figure 2B ). However, electrophoresis was not suitable to monitor lipid-anchored pores given their interaction with the gel matrix, while UV spectroscopy had a low sensitivity in the µM range. pores, before and after the addition of BAL-31.
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The membrane-spanning orientation of NP-3C is established with the nuclease probe assay and a pore variant. To confirm that the increased nuclease protection for NP-3C indeed reflects its membrane spanning orientation, a pore variant (NP-3C 4' ) with a differently positioned nuclease attack site at duplex 4 was employed. While the attack site of the normal pore is in the vertical middle of the duplex, the DNA nick in pore variant NP-3C 4' is designed to be 3 nm off this central hydrophobic anchor region ( Figure 5A , Figure S1 , Tables S1 and S2 ). Consequently, moving the nick site outside the likely membrane-inserted region should increase the nick's molecular accessibility to the nuclease probe and hence increase fragmentation. Fluorescence read-out of the digestion assay revealed that moving the nuclease attack site out of the membrane led to a strong decrease of nuclease digestion ( Figure 5B , Figure S10 ).
Using the measure of half-life τ, the pore variant NP-3C 4' had a value of 18.5 ± 4.8 min which is 6.6 times faster than for NP-3C. This result strongly suggests that, first, the nick in pore variant NP-3C 4' is positioned outside the lipid bilayer region, and, second, the nanopore with three cholesterol anchors is inserted in a membrane-spanning orientation.
Nanopore NP-3C inserts via a two-step mechanism into highly curved membranes. After establishing that the slow digestion reflects the membrane-spanning state, we investigated the mechanism of pore insertion. In principle, the DNA nanopores NP-3C with three anchors can either insert directly in a single step into the membrane. Alternatively, the pore can insert via a two-step mechanism, first bind in a membrane-adhering orientation to the membrane, and subsequently re-orient itself to insert into the bilayer to span it. We discriminated between the single and two-step model by varying the duration of the pre-incubation of nanopores and SUVs prior to subjecting the mixture to the nuclease probe assay. The reasoning was that a shorter duration would lead -in case of two-step mechanism-to a high proportion of membraneadhering pore that had not yet re-oriented and inserted into the bilayer. Indeed, pre-incubation times of 2 and 15 min showed relatively quick digestion ( Figure S11 ) when compared to the slow fragmentation after 60 min pre-incubation ( Figure 4B , Figure 5 ). The faster digestion after short incubation implies a membrane-adhering orientation, and hence strongly supports that DNA nanopores follow a two-step mechanism of first fast membrane binding followed by slower insertion into the bilayer. The two-step process with final insertion is also supported by data on NP-3C 4' .
NP-3C inserts poorly into low-curvature membranes.
To study the effect of membrane curvature on the nanopores insertion, we complemented the established results with highcurvature SUVs with data on low-curvature GUVs. Membrane-orientation of DNA nanopores was determined with the nuclease probe assay as above, but the fluorescence-read out of digestion relied on directly visualizing GUVs with confocal laser scanning microscopy.
Microscopy confirmed GUV-binding for NP-1C and NP-3C ( Figure 6A ). The two pore types had been differently labelled with Cy3 and FAM ( Figure S12 ) and hence allowed simultaneous monitoring on the same GUV. Both NP-1C and NP-3C gave rise to well-defined membrane halos which strongly suggested effective binding on GUVs. The addition of the nuclease probe (1.7 U BAL-31) resulted in rapid and complete digestion of both NP-1C and NP-3C within 5 min ( Figure 6A ). Plotting the fluorescence intensity of the membrane halos over time revealed comparable digestion rates for both pore types ( Figure 6B ). The high susceptibility of NP-3C to digestion implies that this pore was predominately orientated in a membrane tethered state of GUV membrane ( Figure 6C ). The GUV and SUV results highlight the effect of membrane curvature on the nanopores' insertion. To confirm that nanopores are indeed not spanning the bilayer membrane, NP-3C was encapsulated inside GUVs and proven not to be digested when the nuclease probe was added to the exterior, even at a considerable excess ( Figure 6A and S13).
Figure 6. NP-3C predominately binds in a membrane-adhering orientation to low-curvature membranes. (A) Confocal laser scanning microscopic images of a GUV with externally bound NP-1C (FAM, top row) and NP-3C (Cy3, bottom row) before and after addition of BAL-31 (1.7 U) and incubation for the indicated durations, and internally located NP-3C (Cy3) before and after the addition of BAL-31 (8.2 U). Scale bar, 10 µm. (B) Kinetic profiles for the digestion of NP-1C (green) and NP-3C (red) (data from (A). The arrow indicates the addition of the nuclease probe. (C) Schematic drawing of NP-3C tethered to the low-curvature membrane of a GUV. The orientation of the DNA pore leaves the nicks accessible to the nuclease thereby increasing digestion for the external nanopore, but is inaccessible to the internal nanopore.
Expanding the digestion assay to other membrane-bound DNA nanostructures. To showcase the wider applicability of the nuclease probe assay, we engineered a DNA origami plate containing cholesterol anchors capable to tethering the plates to membranes. We utilized a previously published 50 x 50 nm plate 46 and equipped it with 0, 1, 2 and 4 cholesterols to identify any membrane interaction with SUVs ( Figure S14 ). All cholesterol-modified plates 
CONCLUSIONS
The ability of DNA nanopores to modulate membranes is of fundamental scientific interest and considerable impact in biosensing, synthetic biology, and cell biological research. 22, 24, 25, 27, 31, 47, 48 Yet, there is a lack of knowledge on mechanistic steps leading to membrane insertion, the extent of membrane puncturing, and the influence of membrane curvature and lipid anchors. In addition, DNA nanopores can suffer from low insertion rates into routinely used planar lipid bilayers. Up until now, most reports have not been able to address these questions as they have primarily focused on the construction of the pores and their transport properties.
In this study, we set out to gain a deeper understanding of how an archetypal DNA nanopore with up to three cholesterol anchors interacts with lipid bilayers of various membrane curvatures. Our results can be summarized in the following highlights: (i) A nuclease probe assay was developed to identify the orientation of the DNA nanopore relative to the membrane.
Based on the differential accessibility of a nuclease probe, the assay distinguishes between pores in a membrane-spanning or membrane-tethered orientation that have either low or high nuclease digestion rates, respectively. How does the strategy compare to other approaches? While fluorescence resonance energy transfer (FRET) analysis has not been applied for DNA porebilayer interactions so far, the nuclease probe assay certainly has a comparably high structural resolution and is potentially also universal to be implemented with many different membrane systems including cells and also semifluid polymeric membranes. 47 As a further finding, we discovered that (ii) membrane tethering requires one cholesterol anchor, while membrane insertion proceeds with three tags. How does this compare to previous studies? So far, membrane-spanning has been achieved with two hydrophobic phophyrins, 26 72 ethylated phosphorothiates, 23 and 2-4 cholesterol anchors, 29, 38 but also numerous cholesterol 22 and tocopherol 30 tags that integrate into the bilayer with its polar head group region. The advantage of our three-cholesterol pore design is its structural simplicity, symmetry, and rapid ease of assembly. This will facilitate future computational studies 49, 50 to answer the puzzling question on how lipids arrange around the biophysically unusual outer pore wall with an alternating pattern of hydrophobic cholesterol tags and hydrophilic phosphate backbone groups.
In finding (iii), the nanopore inserts into membranes via a two-step mechanism ( Figure   7 ). The first step involves membrane tethering, and the second step for membrane spanning. By contrast, insertion into a structurally more regular planer bilayer would likely incur a much higher energetic penalty due to the greater deformation required for opening up voids in flatter lipid bilayers. We expect that this effect will depend on the lipid composition of the membrane.
Our study will impact the field of membrane-interacting DNA nanostructures in several ways. Of practical relevance, the previously reported problem of poor insertion of DNA 20 nanopores can be tackled by using highly curved membranes or planar membrane that containdue to their lipid composition-structural mismatches that facilitate insertion. Alternatively, DNA nanopores might be designed that deliberately deform lipid bilayers to facilitate insertion. In addition, our nuclease probe approach can become a more generic tool to investigate the topography of many other DNA nanostructures with membranes of varying lipid compositions, and even potentially for investigating interactions with cells. In conclusion, the nuclease assay and the fundamental findings will likely help advance this emerging field of membraneinteracting DNA nanostructures.
METHODS/EXPERIMENTAL
Design and Folding DNA Nanostructures. The DNA nanopore was published previously, information on the DNA oligonucleotide sequences, two-dimensional DNA maps and pore dimensions is provided in the supporting information (Tables S1 and S2, Figure S1 ) phosphate buffered saline (PBS) (1 mL) was added and the solution was sonicated using a bath sonicator for 20 min. SUVs were stored in the fridge and used within 1 week. Before experimentation, the SUV solution was vortexed for 2 s. SUVs were subjected to dynamic light scattering to confirm the diameter of the vesicles using a Zetasizer Nano (Malvern, UK). DPhPC giant unilamellar vesicles (GUVs) were prepared by following a modified published protocol. 30 DPhPC (10 mM) containing cholesterol (1 mM) in chloroform (150 μL) was added to a small glass vial (1 mL), and the solvent was removed under rotation and vacuum using a rotary evaporator for 20 min. The thin film was re-suspended in mineral oil (Sigma, UK) (150 μL), followed by votexing for 2 min. The solution was shaken on a thermomixer (Eppendorf, UK) 800 RPM for 1 h at room temperature, then transferred to a 1 mL plastic vial. Sucrose (400 mM, 22 25 μL) was then added and the solution vortexed for 2 min, after which glucose (400 mM, 150 μL) was carefully added to the top of the solution to generate two phases. The vial was then centrifuged at 6'000 RPM for 20 min at room temperature, the supernatant carefully removed.
An additional glucose (400 mM, 150 μL) washing step was performed, the vial centrifuged for 10 min and the supernatant removed. Finally, glucose (400 mM, 150 μL) was added and the vial gently mixed to re-suspend the GUVs. For confocal studies, the GUVs were used within 4 h of preparation. For the internal encapsulation of Cy3-labelled NP-3C with GUVs, NP-3C (2.5 μL, 1 μM) was added to Sucrose (400 mM, 25 μL) containing KCl (500 mM).
Agarose Gel Electrophoresis. The SUV binding assays were analyzed using a 0. After 2 min of thermal equilibration, BAL (0.25 μL, stock 0.25 U per mL, unless stated otherwise) was added and the solution rapidly stirred. For the data in Figure 2 , the constructs were measured in 3 separate cuvettes, either with or without SUVs in parallel. For all other experiments, the data was collected in the same cuvette.
Confocal Laser Scanning Microscopy. Images were collected using a confocal laser scanning microscope (60x objective, FV-1000, Olympus, UK). Images were analyzed using ImageJ software. The DNA constructs were combined (0.5 μL each, stock 1 μM), and added to GUVs (5 μL, ~2 mg per mL, 400 mM glucose), and gently mixed at room temperature for 1 h.
Prior to experimentation, the tissue culture dish with cover glass bottom (23 mm diameter, 0.17 mm thickness, World Precision Instruments, UK) was pre-washed with bovine serum albumin (Sigma, UK) (10 mg per mL, 100 μL), followed by PBS (3x 100 μL). The DNA-GUV solution was then added to 1x BAL buffer (50 μL 
